Abstract Ozonation of industrial and sewage sludge is a suitable process for minimizing the sludge production of activated sludge processes. The ozonation has the advantage for complete oxidation of volatile suspended solids (VSS) of combining partial sludge oxidation with subsequent biological oxidation. This paper describes the evaluation of two full-scale sewage sludge ozonation investigations for subsequent aerobic stabilisation as well as for subsequent anaerobic stabilisation compared to different sludge treatment processes. For both the anaerobic and aerobic application, sludge liquefying by release of 110 and 160 mg COD per g total suspended solids (TSS) has been reached at specific ozone consumption of 0.03 and 0.06 kg O 3 per kg TSS, respectively. The subsequent biological treatment has reached a mass reduction of 20-35% for the aerobic and 19% for the anaerobic stabilisation. For both applications the specific ozone consumption was about 0.05 kgO 3 per kg TSS to be treated. A comparison with mechanical and thermo-chemical sludge mass reduction methods shows that the mass reduction potential of ozonation is presently higher. Even though costs for sludge ozonation are higher compared to other methods, the optimisation potential for cost reduction of sludge ozonation is obvious from the results presented in this paper.
Introduction
Domestic wastewater treatment is associated with the production of sludge as a by-product, which is conventionally used as fertilizer for agricultural purposes. In industrialized regions, the sludge is currently often contaminated with pollutants such as heavy metals, PAC, acrylamide etc. and therefore, the environmental pollution by agricultural use is becoming a pressing problem. Moreover, the sludge production rises worldwide due to increasing demands for wastewater treatment efficiency. Also the costs for the sludge treatment at wastewater treatment facilities and for disposal will increase, becoming the main part of overall wastewater treatment costs. Hence, alternative processes for sludge exploitation are urgently needed. The disruption or oxidation of sludge is one of several possibilities to reduce the sludge mass residue and/or to increase the exploitation of the energy potential of sludge.
From the sewage treatment process, waste activated sludge is produced by primary sludge and surplus activated sludge through the primary settling and the final settling, respectively. Wastewater treatment plants (WWTPs) of smaller size, preferably smaller than 20,000 people equivalent (p.e.) dispose the waste activated sludge as residue directly after mechanical dewatering. Those WWTPs mostly involve an aerobic sludge stabilisation for VSS mass reduction, e.g. by extended aeration basins and higher solid retention times (SRT). Anaerobic digestion of waste activated sludge produces stabilised sludge with TSS reduction mainly by 30 to 40%. Anaerobic digesters are often installed at WWTPs bigger than 20,000 p.e., because the partial recovering of the sludge energy content by exploitation of the produced methane gas will then become more economic.
Background
Advanced sludge reduction is possible by sludge treatment methods, which will result in releasing the inner cell liquids of micro-organisms by destroying the cell membrane. The subsequent oxidation of the released organic matter will lead in mass reduction of sludge. Recently, many different treatment techniques for industrial and sewage sludge mass reduction have been investigated at laboratory, bench and technical scale. They may be classified by the method such as: mechanical, chemical, thermal and biological treatment and its process configuration. Some of the methods published in this field are listed in Table  1 arranged by the type of method, its process configuration and application, namely the pre-, post-and integrated treatment of surplus or waste activated sludge and digested sludge.
The subsequent degradation of treated sludge may be realized either by anaerobic digestion or by aerobic oxidation and/or denitrification within the activated sludge process. The latter one involves a complex coupled ozone-activated sludge process. The returning of the released COD would improve the loading rate for biological treatment thus resulting not only in production of additional biomass, but more in changing the sludge characteristics. This is obvious from the examples published by Yasui and Shibata (1994) , Yasui et al. (1996) and Sakai et al. (1997) . A zero excess sludge production process has been demonstrated for 9 months by ozonation of 4 times of excess sludge mass. The volume of the biological basin treating the ozonated sludge is twice that in the reference basin. This is to take advantage of the lower real age of sludge, which is not comparable to the SRT of conventional activated sludge processes. An increase of total nitrogen and COD in the effluent of the WWTP takes place for too small real SRT lower than 10 days.
In contrast to aerobic oxidation the anaerobic digestion of pre-treated sludge allows an energy recovery of organic content of sludge by methane production. Pre-treatment of sludge enhances the hydrolysis step of anaerobic digestion, especially for the surplus activated sludge. This will lead to a reduced SRT in the digester for the same degradation degree. An improved sludge mass reduction is also possible within the range of maximum technical VSS degradation.
Complementary to the pre-treatment, a post-or integrated treatment of anaerobic prestabilised sludge will substantially improve the sludge mass reduction and the practical Leeuwen (1988) , Leeuwen (1990) , Yasui and Shibata (1994) , Yasui et al. (1996) , Sakai et al. (1997) , Ried et al. (2002) Mechanical disintegration Kunz and Wagner (1996) Chemical hydrolysis Burghardt et al. (1997) limit of maximum 62% VSS degradation may be exceeded. Scheminski et al. (2000) found that an ozonation of digested sludge is a more effective method for reduction of sludge mass than the investigated mechanical, thermal and thermo-chemical methods. The additional VSS mass reduction was measured by 42% and the released organic matter has been converted to methane gas by 70% during subsequent anaerobic digestion. This is significantly lower compared to the other methods, e.g. of high-pressure homogenisation (80%) and ultrasound homogenisation (90%). Onyeche et al. (2002) developed an integrated high-pressure homogenisation process for maximizing the net energy production and minimizing the remaining soluble COD of subsequent anaerobic digestion. This has been realized by pre-thickening of digested sludge and reducing the pressure of homogenisation down to around 150 bar. Additional VSS mass reduction was measured by 40 to 50% resulting in additional reduction of TSS by 25%.
Process and ozone plant description
Full-scale experiments for pre-ozonation of surplus activated sludge have been carried out at WWTP Enger (20,000 p.e) for aerobic stabilisation (see Ried et al., 2002) and WWTP Schermbeck (17,000 p.e.) for anaerobic stabilisation (see Winter et al., 2002) . The integration of the WEDECO ozone plant in the WWTPs is shown in Figure 1 . In both cases, a reference system without ozonation has been operated parallel to the ozonation system. The ozone plant used for both disintegration test runs consists of an ozone generator with an ozone capacity of 1 kg O 3 /h. The flow sheet of this system is shown in Figure 2 . The installed ozone generator produces ozone by silent electrical discharge in oxygen- containing gases. The mass of ozone input can be adjusted by varying the gas flow and the converter power. The ozone generator was installed inside a 10 feet container together with a gas absorption system consisting of a booster pump and an injector. After the injector a tank of 6 m 3 was included for a longer reaction time and for degassing purposes. The flow rate of the feed-pump could be varied over a range from 0.5 to 10 m 3 /h. Since the gas absorption system is installed in a loop, it is independent of the flow rate of the feed pump.
Results and discussion

Release of COD
The full-scale ozonation of surplus activated sludge has shown the same specific COD release of the two different sludge types for various specific ozone doses (Figure 3) . Release of 110 and 160 g COD per kg TSS has been reached at specific ozone consumption of 0.03 and 0.06 kg O 3 per kg TSS, respectively. For an economic use of ozone, the COD release related to the ozone consumption should be optimised. Figure 4 shows that the higher yields will be reached at lower ozone doses. The lower COD-to-O 3 -ratio at higher ozone doses indicates an increasing oxidation of released COD. This must be taken into consideration for economic reasons.
Sludge mass reduction
Aerobic sludge stabilisation. Table 2 condenses the most relevant ozone consumption for sludge mass reduction of different papers. The specific ozone consumption per eliminated kg of sludge mass presented in this paper is much higher. The reason is, that the SRT of 11 days is relatively low and the sludge is not completely stabilized. This has been confirmed by high hydrolysis rates in the thickener prior to the ozonation system. The dissolved COD was increased from 20 mg/L up to 300 mg/L within a few hours. While the biological system does not work at a high stabilisation level, the partial oxidation by integrated ozonation is likely to be operated more as an oxidation system than a pre-oxidation system for the biological degradation. This will lead to increased ozone consumption rates and also higher costs. The operational costs for the production of ozone are between 1 and 1.5 Euro per kg ozone. Therefore, the costs for sludge reduction will be between 150 and 600 Euro per ton TSS reduced. Additional costs for investments, maintenance etc. will lead to costs, which are mostly too high for economic use in Europe at present. Therefore, substantial improvement of process and reaction performance is needed for economic ozone applications.
Anaerobic sludge stabilisation. Figure 5 summarizes the published results of different pretreatment methods for anaerobic degradation of VSS independently of the energy consumption of the disintegration system. It is obvious that pre-treatment methods will improve the sludge mass reduction especially in those cases, where the anaerobic digestion does not reach the degradation degree η VSS of 60 to 62% VSS previously. The ozonation process at Schermbeck WWTP leads to an evident increase of VSS degradation degree from 46.6 to 55.5 at SRT of 24 days. The ozone dose was about 0.05 kg O 3 /kgTSS treated . However, the dissolved COD in the effluent of the digester has been increased by approximately 50% corresponding to 80 mg/L. An optimisation of the combined ozonation-anaerobic digestion process is needed to minimize the return of organics to wastewater treatment. Especially some of carbohydrates (Nishimura et al., 2001) or other low biodegradable compounds should be minimized, because they seem to be responsible for increasing the COD in the effluent of the wastewater treatment facility. It should be noted that other pre-treatment methods have been investigated at Schermbeck WWTP and evaluated by a research group at Technical University of Braunschweig (Winter et al., 2002 ). An increase of VSS degradation degree was also found for a lysate centrifuge (from 44 to 47.9%), a stirred ball mill (from 44 to 58.8%), and an ultrasound homogeniser (from 48.8 to 52.4%).
In Figure 5 , the bold curve fits many published degradation degrees η VSS of conventional digesters collected by Pfeiffer (1989) . This curve is calculated by η VSS = 0.6·(0.25·SRT)/(1+0.25·SRT), and the values 0.6 and 0.25 represent the maximum degradation rate and the hydrolysis rate at 37°C, respectively. Presently, the improvement of the VSS degradation degree by disintegration as pre-treatment seems to be in the same range as conventional systems published by Pfeiffer. An advantage of pre-treatment is the higher degradation degree at low SRT by lower hydrolysis rate. The higher degradation degree at low SRT is also possible by process optimisation without pre-treatment, e.g. by Seiler and Pöpel, 1998 Palmowski et al., 1999 Kopp et al., 1997 empty symbols: without disintegration filled symbols: with disintegration arrow: improvement by disintegration Figure 5 Comparison of different sludge treatment processes by anaerobic VSS degradation degree immobilisation techniques or by a two-step mesophilic-thermophilic process (Merz et al., 1999) . Another type of process optimisation is the integrated mechanical disintegration of digested sludge (Onyeche et al., 2002) . This process is not a pre-treatment process and would lead to VSS degradation degrees at a higher level. A thickening prior to highpressure homogenisation allows both a higher SRT in the digester and also further digestion of the released COD. This has been found for a stabilized sludge with a previous high VSS degradation degree of approximately 60%. Therefore, this process seems to be complementary to the other processes.
